Introduction
Liposomes, vesicles composed of a phospholipid bilayer, have attracted much attention as a model for the study of biological membranes 1 and for the advancement of drug delivery systems (DDS). [2] [3] [4] For liposomes to be successfully harnessed in these applications, it is both necessary and desirable to understand and to be able to control processes such as disruption, fusion, and permeation. One of the basic processes of membrane collapse is solubilization caused by the addition of surfactants. In this process, surfactant molecules adsorb onto the liposome membrane, and are taken up into the membrane, and mixed micelles are subsequently emitted. These processes have been studied using methods including microscopy, 5 UV/Vis spectroscopy, [6] [7] [8] dynamic light scattering, 9, 10 and cryo-TEM. [11] [12] [13] Many studies have been made on the dependence of solubilization on the surfactant and lipid concentrations; it is well understood that this occurs in an equilibrium state. [14] [15] [16] At present, the three-stage model is generally accepted, where the ratio of the surfactants in the membrane determines the equilibrium condition of the phospholipids. 17, 18 At low concentrations, the surfactant molecules are taken up into the liposome membrane without breaking up the vesicle. As the concentration increases, the proportion of surfactant molecules in the membrane increases to a critical value. Above this threshold value, the rupture of parts of the membrane is induced, and mixed micelles of lipids and surfactant molecules are released into the solution. A complete disintegration of vesicles into mixed micelles occurs when the surfactant concentration is further increased.
The dynamics of solubilization 19, 20 have not been investigated fully, although the equilibrated state has been well studied. While the microscopic observation of each liposome solubilization has been reported, 21, 22 all of these studies found that the liposomes were solubilized uniformly; in addition, typically only the solubilization time was evaluated.
In our previous study 23 we developed a system to monitor liposome-surfactant reactions; this involved mixing the solutions inside a microchip, and making observations with an optical microscope. The use of a "room-embedded" microchip (which has a wider channel compared with that of a conventional microchip in the middle of the channel, and in which the solution flow rate rapidly decreases when the flow comes into the "room") meant that the flow and stop procedures could be controlled more easily than with a conventional microchip. In this microchip, two fluids came into contact at the Y-shaped intersection, where they were mixed in the channel by diffusion. This mixture was sent into the "room", and the solubilization process was observed. Using this system, we were able to monitor the solubilization of each liposome just after mixing with the surfactants, because the liposomes remained within the field of view. This kind of microchannel design, which has a wider region in the channels, has been developed for various purposes such as droplet generation [24] [25] [26] and particle separation. 27, 28 In this study, we monitored each liposome after stopping the flow, and investigated the dynamics of each solubilization process. We found that there were several SDS-induced patterns in the reaction of the dimyristoylphosphatidylcholine (DMPC) The solubilization dynamics of dimyristoylphosphatidylcholine (DMPC) liposomes, as induced by sodium dodecyl sulfate (SDS), were investigated; this investigation was motivated by several types of atypical behavior that were observed in the solubilization in this system. The liposomes and surfactants were mixed in a microchip, and the solubilization reaction of each liposome was observed using a microscope. We found that solubilization occurred not only via a uniform dissolution of the liposome membrane, but also via a dissolution involving the rapid motion of the liposome, or via active emission of protrusions from the liposome surface. We statistically analyzed the distribution of these patterns and considered hypotheses accounting for the solubilization mechanism based on the results. When the SDS concentration was lower than the critical micelle concentration (CMC), the SDS monomers entered the liposome membrane, and mixed micelles were emitted. When the SDS concentration was higher than the CMC, the SDS micelles directly attacked the liposome membrane, and many SDS molecules were taken up; this caused instability, and atypical solubilization patterns were triggered. The size dependence of the solubilization patterns was also investigated. When the particle size was smaller, the SDS molecules were found to be homogeneously dispersed throughout the whole membrane, which dissolved uniformly. In contrast, when the particle size was larger, the density of SDS molecules increased locally, instability was induced, and atypical dissolution patterns were often observed. liposomes. We investigated the mechanism of the reaction via statistical categorization of the solubilization patterns.
Experimental
We prepared dipalmitoylphosphatidylcholine (DPPC), dioleoylphosphatidylcholine (DOPC), and DMPC liposomes; solubilization was induced by sodium dodecyl sulfate (SDS), TritonX-100, or cetrimonium bromide. After investigating all combinations of liposomes and surfactants, we found that the combination of DMPC or DPPC with SDS produced the anomalous solubilization processes. We picked the combination of DMPC and SDS for further study, because such solubilization processes were frequently observed in this system. DMPC was purchased from Wako Pure Chemical Industries. The transition temperature for DMPC liposomes is 24 C. SDS (Kishida Chemical) was used as a surfactant. For the preparation of the liposomes, DMPC (60 μmol) was dissolved in chloroform, and the solution was evaporated at 40 C to form a thin lipid film on the flask surface. To remove the chloroform, the film was then decompressed using an aspirator over a period of 6 h. The lipid film was dissolved in 1 mL of water (Milli-Q) at a temperature higher than 40 C, and was stirred for 5 min using a Vortex mixer. The solution was heated continuously to keep the temperature higher than the transition temperature. A liposome solution was obtained by sonicating the solution at a temperature higher than 40 C for 30 min.
To check the solubilization conditions, we measured the time-dependent changes in the transmittance. First, 0.5 mL of the DMPC liposome solution (1.2 mM) and 0.5 mL of the SDS solution (1 -10 mM) were introduced into a plastic cell with an optical path length of 10 mm; changes in the transmittance were measured immediately after mixing was begun (the mixing was performed using a magnetic stirrer), using incident light with a wavelength of 532 nm. Since the DMPC liposome solution was initially turbid, the initial transmittance was almost zero. The transmittance subsequently increased due to the solubilization of the liposomes.
To determine the critical micelle concentration (CMC) in the samples, we measured the electrical conductivity of the solutions. Five minutes after the mixing (with a magnetic stirrer) of equal amounts of DMPC liposome solution (1.2 mM) and SDS solution (1 -40 mM) were begun, the molar conductivity of SDS in these mixed solutions was measured. The molar conductivity of SDS in the solutions was then calculated, and the critical micelle concentration was obtained.
For the microscopic observations in the microchip, the DMPC liposome solution (1.2 mM) and SDS solution (6, 8 or 10 mM) were introduced into the microchip (width, 230 -240 μm; depth, 100 μm) using a Y-shaped channel; the mixing region was then observed using an optical microscope with a ×50 objective lens. The two fluids were mixed in the channel region of the microchip due to diffusion in the perpendicular direction, which occurred as the liquids flowed together. At the end of the mixing region, the flow channel was connected to a "room". When the fluid flowed into the "room" section, its speed decreased, because of the sudden increase in the channel width. It was then easy to control the flow and stop procedures; this contrasts with conventional microchips, where such procedures are more difficult. By controlling the height of the beakers for the reactant fluids and the waste fluid (based on the siphon principle), one could regulate the flow of these solutions. After the flow was stopped, the reaction was monitored using a microscope. Since it was possible to stop the flow almost completely, each liposome could be monitored without leaving the field of vision.
To analyze the liposome solubilization videos, we saved each video sequence on computer at a frame rate of 30 fps, and then we divided each one into individual frames. After videos where the particles moved due to residual flow were excluded, images of all the frames were digitized in black and white, and white regions surrounded with black dots were regarded as liposome particles. The diameter of each liposome was calculated from the cross-sectional area of the image. After the solubilization of each liposome was analyzed, it was classified into one of three patterns; a projection-disruption type, a burst-motion type, or a mild dissolution type (these terms will be explained in detail later). We judged that if a particle moved with a travel length of over 10 μm per second (a much greater travel distance than that due either to Brownian motion or to residual flow), it was categorized as a burst-motion type liposome. When more than one projection from the liposome surface was observed, it was classified as belonging to the projection-disruption category. When no unusual events such as those described above were observed, the liposome was categorized as being of the mild dissolution type. One hundred liposomes were picked at random for each SDS concentration.
Results and Discussion

Transmittance measurements
To confirm the threshold concentration for liposome solubilization, we measured the transmittance after mixing the DMPC liposome and SDS solutions ( Fig. 1(a) ). For SDS concentrations lower than 5 mM, the transmittance was saturated after approximately 100 s, and the liposomes did not dissolve. The transmittance changed dramatically at a concentration of approximately 7 -8 mM. It was reported in an equilibrium-state study that the DMPC liposomes incorporated SDS molecules until the critical concentration was reached, and dissolved at SDS concentrations above the critical value; our results agreed with these findings. 6 Figure 1(b) shows the reciprocal of the time taken for the transmittance to reach 50% as a function of the SDS concentration; the graph clearly shows that the reaction rate changed discontinuously at an SDS concentration of approximately 8 mM. The same experiment was performed with a liposome solution of twice the concentration used in the previous experiments; this was done to ascertain whether the determining factor for solubilization was the SDS concentration, or the ratio of the SDS/DMPC concentrations. The results showed that solubilization was induced at an SDS concentration of 7 -8 mM. This suggested that the conditions for solubilization were not determined by the ratio of the SDS/DMPC concentrations, but by the SDS concentration alone.
Electrical conductivity measurements
The dependence of the electrical conductivity in the SDS/DMPC liposome solution on SDS concentration was investigated, to confirm the CMC value for the SDS in solution. In addition, the CMC for a pure SDS solution was also measured. Figure 2 shows the molar conductivity of the SDS/DMPC liposome solutions and of a pure SDS solution, as a function of the SDS concentration.
The rate of decrease in the gradient of the molar conductivity changed at approximately 8 -9 mM in the pure SDS solution; this value corresponded to the CMC. This result agreed with the literature value of 8.2 mM. A comparison between the SDS/DMPC solution and the pure SDS solution indicated that the CMC for SDS did not depend on the DMPC concentration. The large change in the reaction rate around the CMC (as shown in the transmittance measurements) suggested that the solubilization reaction was enhanced by the presence of the micelles.
Statistical categorization of solubilization patterns
Categorization of solubilization patterns: Figure 3 shows representative microscopic images from the experiments where solubilization was induced with 10 mM SDS. As time passed, the number of liposomes was reduced due to solubilization. We analyzed videos of 100 liposomes at the same SDS concentration, and found three typical solubilization patterns. Type 1, many projections were generated from the liposome surface; type 2, liposomes linearly or randomly moved with a speed of approximately 10 μm per second; type 3, liposomes gently solubilized without any motion. We defined the behavior of type 1 as the projection-disruption type, that of type 2 as the burst-motion type, and that of type 3 as the mild dissolution type. Figure 4 shows representative microscopic images of these solubilization patterns (The video files can be downloaded from http://www.chem.chuo-u.ac.jp/~spec/liposome_solubilization_ video.zip).
SDS concentration dependence of the solubilization patterns
The ratio of the frequencies of occurrence of the solubilization patterns depended on the SDS concentration (Fig. 5) . Solubilization was observed at SDS concentrations higher than 6 mM; solubilization was not observed for the SDS concentration smaller than 5 mM within 1 h, as can be confirmed by the transmittance experiment (Fig. 1) , too. At 6 mM, the mild dissolution type was dominant; the proportion of the burst-motion type behavior increased for concentrations higher than 8 mM, and the proportion of the projection-disruption type behavior increased at even higher SDS concentrations. Since the CMC of SDS is approximately 8 mM, SDS monomers would have been homogeneously taken up into the membrane at 6 mM, producing mild dissolution type behavior. The SDS micelles interact with the membrane of the liposomes at 8 mM, and many SDS molecules would have been introduced into the membrane locally, inducing local instability and causing the collapse of the membrane. It is supposed that the surface tension of the membrane then became instable, and a flow was induced that surrounded the liposome, as in Marangoni convection flow; 29 this caused the burst-motion type behavior. Although such instability of surface tension would be induced by taking up monomers inside the membrane, this motion would be induced by taking up a large amount of SDS molecules in a local spot of a membrane due to the direct attack of the micelle. For higher concentrations of SDS, local instability was induced at many points in the membrane; this produced projections in the membrane, and solubilization of the projection-disruption type occurred.
It is against the general concept of solubilization that micelles have direct interactions with the liposome membrane, even at concentrations higher than the CMC. It is usually accepted that monomers equilibrated with micelles are taken up into the membrane, and solubilization is then induced. 17 However, in the case of the SDS and DMPC liposomes, it is probable that there was a direct interaction between the micelles and the liposome membranes. Our results cannot be explained without the concept of local instability in the membrane, and the most likely cause for this instability was the direct incorporation of many monomers into the membrane, occurring via attacks by the micelles.
Particle size dependence of the solubilization patterns
The relative percentage of occurrence of the solubilization patterns also depended on liposome size (Fig. 6) . With increasing particle size, the proportion of the mild dissolution type decreased and that of the projection-disruption type increased, for all concentrations. This can be explained by the fact that the projection-disruption type is induced by the local instability of the membrane. That is to say, as the particle size increased, the liposome membrane surface area increased per liposome, and this enhanced the probability of the occurrence of local instabilities in the membrane. In contrast, the SDS molecules were homogeneously dispersed, due to the smaller membrane surface areas of the smaller liposomes. This result also supported the concept of direct interactions between the micelles and the liposomes. 
Conclusions
We investigated the solubilization dynamics of DMPC liposomes induced by SDS, and confirmed a change in the reactivity occurring around the CMC of SDS. Furthermore, we observed anomalous liposome behaviors in the solubilization process; they were classified into three categories after microscopic observation in a microchip. The relative percentage of occurrences of the solubilization patterns depended on the SDS concentration, and showed a change around the CMC concentration. For SDS concentrations lower than the CMC, SDS monomers were introduced homogeneously into the membrane, and mixed micelles were emitted gradually. Around the CMC of SDS, micelles interacted with the liposome membrane, and many SDS molecules were introduced into the membrane locally, causing local instabilities or local collapse. For higher SDS concentrations, local instabilities were induced at many points in the liposome membrane. The relative occurrences of the three categories also depended on the liposome size; this was explained as resulting from a dependence on even or local uptake of the SDS molecules. 
